Problem Set #6 solution, Chem 340, Fall 2013 
— Due Friday, Oct 11, 2013 
Please show all work for credit 

To hand in: 
Atkins 
Chap 3 —Exercises: 3.3(b), 3.8(b) 3.13(b) 3.15(b) 

Problems: 3.1, 3.12, 3.36, 3.43 
Engel 
Chap. 5: P5.14, | P5.19, | P5.20, P5.33 


Extras : 
Atkins 
Chap 3 -Exercises: 3.4(b), 3.7(b)  3.14(b) 
Problems: 3.3, 3.7, 3.10, 3.11, 3.42, 345 
To hand in : 
Atkins 
Exercises: 
3.3(b) Calculate AS (for the system) when the state of 2.00 mol diatomic perfect gas molecules, 
for which C, » = 7/2 R, is changed from 25° C and 1.50 atm to 135° C and 7.00 atm. How do 
you rationalize the sign of AS? 


However the change occurred AS has the same value as if the change happened by reversible heating at 
constant pressure (step 1) followed by reversible isothermal compression (step 2) 


AS = AS, + AS? 








For the first step 
AS; = | — = E = = 
| T / ig m" In X 
7 E L] (135 + 273} K E 
AS; = (2.00 mol) x { = } x (83145JK ' mol ') x In ——————— - 183JK 
2 (25 + 273)K 
and for the second 
AS) = J darev _ grev 
T T 
Vt Pi 
where Grey = —w — f pdV — nRT ln — = nRT In — 
Vi Pt 
D; i 1] 1.50 atm -l 
so AS = nR In — — (2.00mol) x (8.3145JK ' mol ^) x In = —25.6JK 
Pt 7.00 atm 


AS = (183 — 25.8] K^! — 


The heat lost in step 2 was more than the heat gained in step |, resulting in a net loss of entropy. Or the 
ordering represented by confining the sample to a smaller volume in step 2 overcame the disordering 
represented by the temperature rise in step t. A negative entropy change is allowed for a system as long 
as an increase in entropy elsewhere results in AStota > 0. 


3.8(b) Calculate the standard reaction entropy at 298 K of 
(a) Zn(s) -- Cu (aq) Zn^' (aq) 4 Cu(s) 
(b) Ci2H22011(s) + 12 Ox(g)12 CO»(g) + 11 H200) 


i) — AS? — SS (Zn^* .aq) 4- Se (Cu.s) — Sp (Zn.s) — S (Cu^* , aq) 


— [-112.i 4- 33.15 — 41.63 -- 99.6] JK"! mol! | —21.0JK"! mor! 


0) — AS? z 125*(COs, g) -- 1152 (H30.1) — S$(Ci2H22044.8) — 1258(0», g) 


— [(12 x 213.74) -- (11 x 69.91) — 3602 — (12 x 205.145] JK ! mor! 


— [4512.0] K-! mol! 


3.13(b) Calculate the change in the entropies of the system and the surroundings, and the total 
change in entropy, when the volume of a sample of argon gas of mass 21 g at 298 K and 1.50 bar 
increases from 1.20 dm! to 4.60 dm! in (a) an isothermal reversible expansion, (b) an isothermal 


irreversible expansion against pex = 0, and (c) an adiabatic reversible expansion. 


(à) — AS(gas) — nRIn (a [3.13] — ET 
Vi 39.95 p mol! 


= 3.029JK^! —|3.07 K^! 
AS(surroundings) = —AS(gas) = [reversible] 


AS(total) — lo] 


(b) AS(gas) — | -3.0J K^! |[S is a state function] 


AS(surroundings) = lo] [no change in surroundings] 


AS(total) — | +3.01 K7! 
(c) Qrev — 0. so AS(gas) — [o] 
AS(surroundings) — [o] [No heat is transfered to the surroundings] 


AS(total) =| 0| 


) x (8.314) K~! mol7')In2 


3.15(b) A certain heat engine operates between 1000 K and 500 K. (a) What is the maximum 
efficiency of the engine? (b) Calculate the maximum work that can be done by for each 1.0 kJ of 
heat supplied by the hot source. (c) How much heat is discharged into the cold sink in a reversible 


process for each 1.0 kJ supplied by the hot source? 


(a) N=1- T/T, [eqn 3.10] = 1- 500K/1000K = 0.500 
(b) Maximum work = 1 Igy! = 0.500 x 1.0 kJ 2 0.5 kJ 
(C) Ans ia and | Wa |= Igy! = Iqesnial 

Idemin! = Iqnl - | Wnex|= 1.0 KJ — 0.5 kJ = 0.5 kJ 








Problems: 

3.1 Calculate the difference in molar entropy (a) between liquid water and ice at —5" C, (b) 
between liquid water and its vapour at 95° C and 1.00 atm. The differences in heat capacities on 
melting and on vaporization are 37.3 J K ‘mol ' and —41.9 J K | mol ‘, respectively. Distinguish 
between the entropy changes of the sample, the surroundings, and the total system, and discuss the 
spontaneity of the transitions at the two temperatures.Confusing since flip T/T T/T; later flip AT 


(a) Because entropy is a state function A4,5(1 — s,—5°C) may be determined indirectly from the 
following cycle 


H,O(1,09c) 2020759. nO(s, 0*C) 


asi] Jas 


Aus S(I-s.—5?C 
HO(I, -5*c) 257—735 


H5O(s, —5*C). 
Thus A,44,S(1 — s, —5?C) — AS -- AusS(I — s, 0C) 4- AS,, 


7 
where AS, = Cp.m(1) In = [3.19; A = 0°C, 2 = —5°C] 


T 
and AS, = Cp m(s) In —. 
Tf 


T 
AS AS, — —ACyln — with ACh = Cpm (D — Cpm(s) = +37.3] K“mor'. 
f 


— Am H 





[3.16]. 





— Aq H T 
= re AC, In T 


Thus, A&4.S(1 fa = I 
us, AgsS(1 —> S, 1) T; f 


—6.01 x 105J mor! 1 1 268 
- 9C) — ——————— — 37.3] K mol — 
Ags Sf s, 5-€) TPK (37.3J mol`} x In 273 


—21.3J K^! mor! |. 


Amis H(T) — —AH + Afs (Tt) — AAs. 
AH, t AH, — pm (DOT ce Cp.m S) CT — Tr) — ACp(TEt = f). 
AfusH (T) = AfusH (Tr) — AC, (ft ee 


Afus H (T Anw (T, T — f, 
Thus, AS,ur — t UD HAC. 


6.01 kJ mol! 
ASur — —» T (373JK^"'mol ^!) x ( 


=| +21.7 J K`! mol`! |, 
AStora = AScur + AS = (21.7 — 21.3) J K7'mol~! =| 40.43 K—! mol! |. 


Since AStotai > 0, the transition 1 — s is spontaneous at —5°C. 


268 — 273 ) 
268 


(b) A similar cycle and analysis can be set up for the transition liquid — vapor at 95?C. However. 
since the transformation here is to the high temperature state (vapor) from the low temperature state 
(liquid). which is the opposite of part (a), we can expect that the analogous equations will occur 
with a change of sign. 


T 
Aa S(1 — g, T) = AusS(1 — g, Th) - AC, In zm 
b 


AvapH T E esi 
= (n. AC, = —41.9] K : 
T. + AC, In Te Cp JK™ mol 


40.7 kJ mor! 
373K 


= | +109.7 J K7! mol`! 


A —AvapH(T) AvapH (7p) AC) (T NE Ty) 


368 
— (41.9J K^! mol) x In (Fs) 


Ng. — a — cu Ru 
"S T F T 
—40.7 kJ mol! i 1 368 — 373 
-[——————|1-(-419JK*^! mol GE cerita 
( 368 K ) ru eS »( 368 ) 


—|-111.2J K^! mor! 
ASwrat = (109.7 — 111.2) J K7! mol! — 


Since ASio < 0. the reverse transition, g — 1, is spontaneous at 95°C. 


3.12 From standard enthalpies of formation, standard entropies, and standard heat capacities 
available from tables in the Data section, calculate the standard enthalpies and entropies at 298 K 
and 398 K for the reaction CO»(g) + H2(g)—-CO(g) 4 H5O(g). Assume that the heat capacities are 


constant over the temperature range involved. 


AH" Y vAQH"*- Y, vA H* [2.34a] 


products reactants 


0 : 0 CO..g) 
A, H” (298 K) — | xX A, H°(CO,g) + | x AH (HO, g) a | " AH ( 
- (-110.53 — 241.82 - (-393.51)j KJ mol"!- [rar.16 kJ mol"! 


AS - x VS + vS? [3.25a] 
products reactants 


A,S"Q98 K) - 1x SECO ,g) & 1 x Sg H;0,g) — 1 x Sq(COn.8) ~ 1% nl IN | 
— (197.67 4 188.83 - 213.74 - 130.684) kJ mol = 

398 K 
A,H*(398 K) - AH" (298 K) * | A,CedT [2.36a] 


298 K 


—A.H*(298 K)- AC; AT [heat capacities constant] 


AC Ix C; m(CO,8) +1 x C; m(H20.8) -Ix C m(CO:,8) -Íx Coml H28) 
B = (29.14 + 33.58 — 37.11 - 28.824) J K~'mol'!= -3.21 J K^! mol"! 


A.H*(398 K) = (41.16 kJ mol-!) + (-3.21 J K~' mol*') x (100 K ) =|+40.84 kJ mol"! 


For each substance in the reaction 


à T, ; 398 K | 4 54 
AS = Com nf} = Coal 5 K [3.23] 





Thus, 


e. anl t m y 
A,S°(398 K)= A,S°(298 K) + 2 vC p.m nf v 2, vca) 


products i reactants i 


398 c] 





= "(2 AC; 
A,S°(298K) + i [Sox 





398 K 
298 K 


= (42.08 — 0.93) J K~! mol~' = 


COMMENT. Both A,H* and A,S° changed little over 100 K for this reaction. This is not an uncommon result. : 


— (42.08 J K^' mol!) 4 (-3.21 J K^ vorn 


3.36 The protein lysozyme unfolds at a transition temperature of 75.5" C and the standard 
enthalpy of transition is 509 kJ mol '. Calculate the entropy of unfolding of lysozyme at 25.0° C, 
given that the difference in the constant-pressure heat capacities upon unfolding is 6.28 kJ K! 
mol ' and can be assumed to be independent of temperature. Hint. Imagine that the transition at 
25.0° C occurs in three steps: (i) heating of the folded protein from 25.0° C to the transition 
temperature, (11) unfolding at the transition temperature, and (111) cooling of the unfolded protein to 
25.0° C. Because the entropy is a state function, the entropy change at 25.0° C is equal to the 
sum of the entropy changes of the steps. 

Taking the hint, we have 

Ai (25°C) = AS; + AS; + AS 


We are not given the heat capacity of either the folded or unfolded protein, but if we let C, m be the 


heat capacity of the folded protein, the heat capacity of the unfolded protein is C, m -- 6.28 kJ K^! mol". 
So, for the heating and cooling steps, we have: 


| [3.23] 





| 348.7 K 
298.2 K 


-pm 


y 
AS; = mf Z — C, ain 
T; 


and AS; — E oun + 6.28 kJ K^! mol-')In snak | sO 
348.7 K 


348.7 K — (3982 K 
AS; AS; = C,,, Bil -l—- l4 Cm t+ 6.28 kJ K-' mol-')] | de 
. E t " — ay 


\ 


298.2 K 


= (6. K^ mol^')In| ———— 
(6.28 kJ mo yn S22 


| = —0.983 kJ K^ mol" 


For the transition itself, use Trouton's rule (eqn 3.20): 


e zs] _ 
Aş = AnH” _ 509 kJ mol” _ 1 460 kJ K-' mol” 
EE ^ 348.2 K 


Hence, A, S° = (1.460 — 0.983) kJ K-! mol"! 2 0.477 kJ K^! mol - 477 J K^ mol" 
3 trs e i 


3.43 The cycle involved in the operation of an internal combustion engine is called the Otto cycle. 
Air can be considered to be the working substance and can be assumed to be a perfect gas. The 
cycle consists of the following steps: (1) reversible adiabatic compression from A to B, (2) 
reversible constant-volume pressure increase from B to C due to the combustion of a small 
amount of fuel, (3) reversible adiabatic expansion from C to D, and (4) reversible and 
constant-volume pressure decrease back to state A. Determine the change in entropy (of the 
system and of the surroundings) for each step of the cycle and determine an expression for the 
efficiency of the cycle, assuming that the heat 1s supplied in Step 2. Evaluate the efficiency for a 
compression ratio of 10:1. Assume that in state A, V = 4.00 dm’, p = 1.00 atm, 

and T = 300 K, that V4 — 10V}, pc/peg = 5, and that C, m = 7/2 R. 


The Otto cycle is represented in Fig. 3.5. Assume one mole of air. 





V Figure 3.5 


cycle 
E [w] y 


lg2| 


[3.8]. 


Wcycle — W1 +w = AU + AU; [q) — 43 — 0] 2 Cv(Tp — TA) - Cv(Tp — Tc) Ez |}. 
q2 = AU2 = Cy(Tc — Tp). 








, — e— tat —Tel _|_ (2) 
ac {Bi Tc- Trej 
We know that 
Tu HE Tp Vc Ife 
— | and = = [ — 2.28a]. 
Tg VA Tc [b tnl 
TA D Tafe 
Since Vg = Vc and V4 — Vp, — = —, or Tp = 
C A D T: Tc D Ts 
Taic 
— T. 
Tp $ 


[hene — 1 — 





7 5 2 
Given that Chom = 5k. we have Cy m = ak [2.26] and c — 5" 


VA Í 2/5 
— —106e-21-[—]| z|047. 
For $å = 10, e (i) 


AS, = AS3 — A&Swr1 7 ASgra — [o] [adiabatic reversible steps]. 


T 
A$5 — Cy In (=) f 
Tp 


hi 
At constant volume (=) = (E) =F). 
Tp PB 


AS: = (2) x (8.314J K^! mol!) x (In5.0) — 


A 


ASwura = —AS4 = 


Engel 


P5.14) The standard entropy of Pb(s) at 298.15 K is 64.80 J K ! mol". Assume that 
the heat capacity of Pb(s) is given by 


C Pb, s T T? 
A dius RT 0.01172 — 41.00 x 10? —— 
Jmol! K7! K K? 


The melting point 1s 327.4^C and the heat of fusion under these conditions 1s 4770. J 
mol '. Assume that the heat capacity of Pb(/) is given by 


C. (Pb 
Com (Pb.I) —32.51—0.003014- 
J K! mol! K 


a. Calculate the standard entropy of Pb(/) at 500°C. 
b.Calculate AH for the transformation Pb(s,25°C) > Pb(/,500°C). 


a) 


600.55 K C AH 713.15 K C 
S;, (Pb,£,773 K) =S;, (Pb,s,298.15K)+ | 5 a[T/K] =se | = a[T/K] 
298.15 K [T/K] fusion 600.55 K [T/K] 


60055 K (22 13) - (0.01172) | T/K | - (1.00 x 10? )| T/K^ 4770 J mor! 
28 (22:13) + (0.01172)[T/K] +(1.00%10°)/ TR] 5 gy, (47705 mot”) 
298.15 K [T/K] (600.55 K) 
NE * (32.51) - (0.00301)[T/K ] 
600.55 K [T/K] 
- (64.80 J mol! K") ai (20.40 J mol”! K") a (7.94 J mol”! K") a (7.69 J mol”! K”) 
= 100.8 J mol” K! 











d[T/K | 


b) 
600.55K 773.15K . 

AH total = Ie d|T/K | als AIT sis + Je. d|T/K | 
298.15K 600.55K 


= (8918 J mol)+ (4770 J mol )+ (5254 J mol”) 
- 18.94 x 10" J mor" 


P5.19) Under anaerobic conditions, glucose is broken down in muscle tissue to form 
lactic acid according to the reaction C6H1206—> 2CH3CHOHCOOH. Thermodynamic 
data at T = 298 K for glucose and lactic acid are given here: 


AH, (a mol ) C, ( K! mol ) S°(J K "mol ’) 


Glucose —1273.1 219.2 209.2 


Lactic acid —673.6 127.6 192.1 
Calculate the entropy of the system, the surroundings, and the universe at T = 310. K. 
Assume the heat capacities are constant between T = 298 K and T = 330. K. 


The standard entropy and enthalpy and heat capacity for this reaction are: note: here Cp, — AC,” 


AS; (298 K) = v, S}; = 2x(192.1J K” mol” )+(-1)x (209.2 J K” mol” )=175.0 J K” mol” 


AH? „(298 K) = v, H:, =(2)x (673.6 kJ mol!)+ (—1) (—1273.1kJ mol )=—74.1kJ mol” 


C^ us (298 K) = (2) (127.6 J Kt mol )+ (—1)x (219.23 K7 mol )- 36.0J K^ mo!" 


At 310 K the entropy and enthalpy for this reaction are then: 


D chon 


T 
(310 K) = AS action (298 K) + C p reaction «| 


= (175.0) K! mol")+ 36.03 K" mol")x inf 2295. - 1764 T K^! mor 
208.15 K 
AH reaction (3 10 K)- BEL. oum (298 K) + C emi (T, m I ) 


- c 74.1 kJ mol" )4- (36.0J K^ mol! )« (310 K — 298.15 K)- —73.7 kJ mol" 


And the entropies for the surroundings and universe: 


- - AH; " 
BS ons -dg — ___ action _ (73.7 kJ mol") _ 237.7 J molt K7 
T T (310K) ~ae - 
AS nivere = AS pacion + AS anuni = (176.4J K” mol” )+ (237.7 J mol” K^!) 2 414.1J mol! K^! 


P5.20) Consider the formation of glucose from carbon dioxide and water, that is, the 
reaction of the following photosynthetic process: 6CO2(g) + 6H20(/) > Ce6H1206(s) + 
602(g). The following table of information will be useful in working this problem: 


T-299K |  Á3$CO(g) HOW  XC;HoOss) Org) — 
o A -393.5 —285.8 1973.1 0.0 
AH , kJ mol 
S° J mol! K! 213.8 70.0 209.2 205.2 


Ch I mor! K^! 37.] 75.3 219.2 29.4 


Calculate the entropy and enthalpy changes for this chemical system at T = 298 K and 
T = 330. K. Calculate also the entropy of the surrounding and the universe at both 
temperatures. 


The standard entropy and enthalpy and heat capacity for this reaction are: 
A cun (298 K) = >»; Sgi 


= (1)x (209.2 J K” mol™ )+ (6)x (205.23 K” mol” ) 
&(-6)x(70.01 K* mol )4- (-6)x (213.83 K" mol )= -262.4J K” mol” 
AH} 298 K) = È, v; H; 


reaction 
- (x (-1273.1kJ mor" )« (6)x (0 kJ mot"! ) 

+(—6)x (— 285.8 kJ mol )+ (—6)x (— 393.5 kJ mol) 

= 2802.7 kJ mol” 

C^ s (298 K) = (1)x (219.2 K7 mol )+ (6)x (29.43 K* mol) 
-(-6)x (75.33 K^ mot )- (C6)x (97.17 K" mol!) 

= —278.8JK" mol” 


At 310 K the entropy and enthalpy for this reaction are then: 


T 
AS oen (3 10 K) = AS cod (298 K) + Coor of 
= (~262.43 K! mol")+ (278.85 K" mol") Inf =? *— |= ~290.77 K" mot! 
298.15 K 


AH, 


reaction 


(310 K) 2 AH?,,.., (298 K) - C2... (T, - T.) 


reaction reaction 


= (2802.7 kJ mol” )+ (278.8 J K” mol )x (330 K — 298.15 K)- 2793.8 kJ mol" 


And the entropies for the surroundings and universe: 


-dq  —AH? .. (-2793.8 kJ mol” 
AS surroundings = da AH ion ON | a 
EXE T (330 K) 
AS wriverne = AS reaction + AScurroundings = (—290.47 JK! mol") +(-8.47 x10° J mol" K^) 


= —8.76 x 10° J mol” K”! 


P5.33) An electrical motor is used to operate a Carnot refrigerator with an interior 
temperature of 0.00°C. Liquid water at 0.00°C is placed into the refrigerator and 
transformed to ice at 0.00°C. If the room temperature is 20°C, what mass of ice can be 
produced in 1 min by a 0.25-hp motor that is running continuously? Assume that the 
refrigerator 1s perfectly insulated and operates at the maximum theoretical efficiency. 


We need to find the amount of heat per unit time that can be removed from the 
interior of the refrigerator. 


ds (==) Z Lois (==) 
t ! t (Thor 7 Ta t 


= E ELO x (0.25 hp)x (746 W hp?) 2 25461 s^ 


The number of grams of ice that can be frozen in one minute by this amount of heat 





1S: 
q/t (2546 Js") o P E 
tM... = x(60s min” }x (18.02 e mol J= 4.5x10* e min 
AH...  '* (6008Jmol' ( )x (18.02 g mor')- 45x10' g 
Extras : 
Atkins 
Exercises: 


3.4(b) A sample consisting of 2.00 mol of diatomic perfect gas molecules at 250 K is compressed 
reversibly and adiabatically until its temperature reaches 300 K. Given that Cym = 27.5 J K! 
mol !, calculate q, w, AU, AH, and AS. — note: this 1s an unusual Cy looks like Cp, but do problem 


as written anyway 


G = Grey = 0 [adiabatic reversible process] 


f d 
as= | = =(0] 
AU = nCy mAT = (2.00 mol) x (27.5) K7! mol—') x (300 — 250) K 
= 2750J = | +2.75 | 
w = AU — q = 2.75 kJ — 0 = [2.75 KJ | 


Com — Cvm - R — (27.5JK ! moi ! --8314JK ! mol!) = 35.814 J K~' mol! 


So AH — (2.00 mol) x (35.814JK ^! mol^!) x (2-50K) = 3581.4J =| 3.58kJ 


3.7(b) The enthalpy of vaporization of methanol is 35.27 kJ mol ! at its normal boiling point of 
64.1 ^ C. Calculate (a) the entropy of vaporization of methanol at this temperature and (b) the 


entropy change of the surroundings. 


A aig SS = 1 se a | Se IK 
Mp i (64.1 + 273.15) K S 


(b) If vaporization occurs reversibly, as is generally assumed 


ASsys + ASsu =0 so ASarc —|—1046IK 


3.14(b) Calculate the maximum non-expansion work per mole that may be obtained from a fuel 





cell in which the chemical reaction is the combustion of propane at 298 K. (for next week!) 


C3Hg(g) + 502(g) > 3CO2(g) + 4H20() 

A,G°? = 3ArG? (CO), g) + 4ArG? (H20, 1) — AG? (C3Hg, g) — 0 
— 3(—394.36 kJ mol`!) + 4(—237.13 k] mol™!) — 1(—23.49 kJ mol!) 
— —2108.11 KJ mol! 


The maximum non-expansion work is | 2108.1 1 kJ mol! | since |waaa| — |^Gl]. 


Problems: 

3.3 A block of copper of mass 2.00 kg (Cpm = 24.44 J K ! mol )) and temperature 0° C is 
introduced into an insulated container in which there is 1.00 mol H,O(g) at 100° C and 1.00 atm. 
(a) Assuming all the steam is condensed to water, what will be the final temperature of the system, 
the heat transferred from water to copper, and the entropy change of the water, copper, and the 
total system? (b) In fact, some water vapor is present at equilibrium. From the vapor pressure of 
water at the temperature calculated in (a), and assuming that the heat capacities of both gaseous 
and liquid water are constant and given by their values at that temperature, obtain an improved 
value of the final temperature, the heat transferred, and the various entropies. 


(Hint. You will need to make plausible approximations. ) 
(a) = g(total) = g(H2O) + g(Cu) = 0: hence — g(H2O) = g(Cu). 
q(H20) = n(—AvapH) + nCyp.m(H20.1) x (8 — 100°C) 


where @ is the final temperature of the water and copper. 
q(Cu) 2 mC,( — 0) 2 mC,0. Cy = 0.3853 K7'g7!. 
Setting —g(H20O) = g(Cu) allows us to solve for 8. 


n(AvapH) — nCp.m (H20, 1) x (8 — 100°C) 2 mC,0 


Solving for 0 yields: 


hé n{ AvapH + Cp m(H20,i) x 100°C} 
7 mC, + nC, m (H30,1) 


.. (1.00 mol) x (40.656 x 10? J mol^! 4- 75.3I? C^! mol! x 100*C) 
——. 240 x l0? g x 0.3853 °C-'g—! + 1.00 moi x 75.35°C-! mol! 


mg 33K, 


q(Cu) — (2.00 x 10° g) x (0.385J K`! g7!) x (57.0K) = 4.39 x 10° J =| 43.9 KJ |. 


AS(total) = AS(H2O) + AS(Cu). 
—nAyapH Tf 

AS(H30) = ——"— [3.16] + nCp.m In (  ) 3.19) 
Th Ti 


(1.00 mol) x (40.656 x 10? J mol!) 
3732 K 


3302 K 
373.2K 


— —108.9J K~' —922J]K"! 2|-118&1JK"! 


T 330.2 K 
AS(Cu) = mC, In = = (2.00 X 10° g) x (0.385 J K 4 g 3 x In (sax) 


—|145.9J K^"! , 
AS(totai) = —-1181JK ! »- i459J)K"! 2|28JK"! |. 


This process is spontaneous since AS(surroundings) is zero and, hence, 


ho 





+ (1.00 mol) x (75.3) K ! mol!) x ( 





AS(universe) = AS(total) > 0. 
(b) The volume of the container may be calculated from the perfect gas law. 


y — BRT _ (1.00 mol) x (0.08206 dm? atm K^! moi^! ) x (373.2 K) — 


p 1.00 atm 


At 57*C the vapor pressure of water is 130 Torr (Handbook of Chemistry and Physics). The amount 
of water vapor present at equilibrium is then 





(130 Torr) x ( x (30.6 dm?) 


] atm 
pV a 760 Torr 


a ee See 
RT (0.08206 dm? atm K-! mol! ) x (330.2 K) 


This is a substantial fraction of the original amount of water and cannot be ignored. Consequently the 
calculation needs to be redone taking into account the fact that only a part, m, of the vapor condenses 


into a liquid while the remainder (1.00 mol — 5) remains gaseous. The heat flow involving water, 
then, becomes 
q(H20) = — 11 AvapH + 11 Cp.m(H20.1)AT(H20) 
+ (1.00 mol — nı )Cp,m (H20, g)AT (H20). 


Because nı depends on the equilibrium temperature through n; = 1.00 mol — PIA where p is the 
vapor pressure of water, we will have two unknowns (p and 7) in the equation —g(H2O) = g(Cu). 
There are two ways out of this dilemma: (1) p may be expressed as a function of T by use of the 
Clapeyron equation (Chapter 4), or (2) by use of successive approximations. Redoing the calculation 
yields: 

_ MAvapH + mCpm(H20,1) x 100°C + (1.00 — 2) Cy.m(H20, g) x 100°C 


0 
mCs + nCpm(H20,1) + (1.00 — ni )}Cp.m (H20, g) 
With 


nı = (1.00 mol) — (0.193 mol) = 0.807 mol 


(noting that C5, (H20, g) — 33.67 mol^! K^! [Table 2.7]), 0 — 47.2?C. At this temperature, the 
vapor pressure of water is 80.4] Torr. corresponding to 


n| — (1.00 mol) — (0.123 mol) — 0.877 mol. 


This leads to 0. — 50.8*C. The successive approximations eventually converge to yield a value of 


0 —|49.9*C — 323.1 K | for the final temperature. (At this temperature, the vapor pressure is 0.123 


bar.) Using this value of the final temperature, the heat transferred and the various entropies are 
calculated as in part (a). 


g(Cu) = (2.00 x 10? g) x (0.385 K^! g^!) x (49.9 K) = = —g(H20). 


rd Mos Ti — 
AS(H30) — a + nCp,m In (2) =| —119.8 J K7! 
Tb Ti 
m m 
AS(Cu) — mC, In = —|1292J K^! 
AS(total) = —1198J K^! -- 1292JK^! 2|9J K-! 


3.7 The standard molar entropy of NH;3(g) is 192.45 J K ' mol ! at 298 K, and its heat capacity is 
given by eqn 2.25 with the coefficients given in Table 2.2. Calculate the standard molar entropy at 
(a) 100" C and (b) 500^ C. 
equation 2.25 and Table 2.2: 


Table 2.2* Temperature variation of molar heat capacities, C, aU K! mol) =a+ bT+<c/T? 


a bi( 1077 K) c/(10? K?) 
Cis, graphite) 16.86 4.77 — 8.54 
CO«(g) 44.22 8.79 — 8.62 
H,O(l) 75.29 (i 0 
N, (p) 28.58 3.77 — 0.50 


* More values are piven in the Data section. 
SRT) = S2(298 K) + AS. 


T> T^ 
2 dT - 7a C T; l l l 
AS = ee Ee ht. Nd ous 4 S Pu. oe | 
Í nmT JG + pg) OT an zr eb m) ae x) 


373 


a 
() — SeQ73K) — (19245J K^! mol!) -1 (29.75 K^ mol!) x In ss) 


298 
+ (25.10 x 107? J K7? mol`!) x (75.0K) 


+ (5) x (1.55 x 10° JK~'mol~!) x (aaa — E) 
2 (373.15? (298.15) 


—|[200.7IK^! mot"! | 


713 
(D —— Se(773K) — (19245JK  ! mol!) -- (29.75J K^! mol!) x In t4 


+ (25.10 x 102 JK ? mol!) x (475K) 


] 5 =| —] | d 
4 (;) x (1.55 x 10°] K mol )x (zz E zx) 





3.10 A gaseous sample consisting of 1.00 mol molecules is described by the equation of state pV, 
= RT(1 + Bp). Initially at 373 K, it undergoes Joule - Thomson expansion from 100 atm to 1.00 
atm. Given that C, m = 5/2 R, u = 0.21 K atm |, B= —0.525(K/T) atm ', and that these are constant 
over the temperature range involved, calculate AT and AS for the gas. 


Consider the temperature as a function of pressure and enthalpy: T= 7( p,H) 
oT oT 
so dT = dp dH 
f= Op >| x 9H al 


The Joule-Thomson expansion is a constant-enthalpy process (Section 2.12). Hence, 


oT 
dT = d d 
(Fr) ap uap 


Pi 
AT = | pdp- u^p — [u is constant] 


I 


- (0.21 K atm^') x (1.00 atm — 100 atm) 
- 


T, - T, ATz (373-21) K 2 3532 K [Mean T=363 K] 


Consider the entropy as a function of temperature and pressure: S — S( T.p). 


Therefore, dS = zr] dT + A dp 
g ap ; 


as av 
E =| = ixl [Table 3.5] 


For V= A * Bp) 
P 


93V. R 
c | eo 


aa, 
e c» 
ilz 
— 
li 
|^ 








> R 
Then, dS, = Sex qr - (14 Bp)dp 
T p 


or dS,- Cpm 





On integration 


AS. -| GS. = Coal 
I 


| : : 
-iRin (55)- Rin (c ]- *[-5557 «c um 
00 


Si 


|- LEE RB( p. — n) 
Py 


363 


373 





3.11 The molar heat capacity of lead varies with temperature as follows: 


TIK 10 15 20 25 30 50 
Cp,m/(J K-1mol-1) 2.8 7.0 108 141 165 214 
TIK 70 100 150 200 250 298 


Cp,m /(J K-1mol-1) 23.3 24.5 25.3 25.8 26.2 26.6 
Calculate the standard Third-Law entropy of lead at (a) 0° C and (b) 25^ C. 


Pe dE 
S (T) — Sa(0) f Ser [3,18]. 
() 


From the data. draw up the following table. 


T!K 10 15 20 25 30 50 


G 
- 4 K~*mol~') 0.28 0.47 0.540 0.564 0.550 0.428 


T/K 70 100 150 200 250 298 


<P /(1 K? mol!) 0.333 0.245 0.169 0.129 0.105 0.089 


Plot Cp.m/7 against T (Fig. 3.1). This has been done on two scales. The region 0 to 10 K has been 
constructed using Cpm = aT?, fitted to the point at T = 10K, at which Cpm = 2.8J K-!mol"!, 
soa = 2.8 x 10? JK-* mol !. The area can be determined (primitively) by counting squares. 
Area A — 38.28) K^! mol". 
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T/K Figure 3.1 


Area B up to 0?C — 25.60JK ^! mol" '; area B up to 25?C — 27.80JK ^! mol^!. Hence 


(a) Sm(273 K) = Sm(0) +| 63.88 }K—! mol”! 
(b) Sm(298 K) = Sm(0) +| 66.08 J K~! mol! |. 


3.42 Suppose that an internal combustion engine runs on octane, for which the enthalpy of 
combustion is —5512 kJ mol ' and take the mass of 1 gallon of fuel as 3 kg. What is the maximum 
height, neglecting all forms of friction, to which a car of mass 1000 kg can be driven on 1.00 
gallon of fuel given that the engine cylinder temperature is 2000" C and the exit temperature is 
800° C? 

In effect, we are asked to compute the maximum work extractable from a gallon of octane, assum- 
ing that the internal combustion engine is a reversible heat engine operating between the specified 


temperatures, and to equate that quantity of energy with gravitational potential energy of a 1000-kg 
mass. The efficiency is 








| , T. I. 
p n Iw] = few =l- - [3.10], SO wi-lam(i- z- 
Id. IA F | Ty T, 


3.00 x 10?g | mol 





= 3 ]*! x 1.00 gal x X ——— — = 1.448 8 
IAH|- 5512 x10*J mol x ga e 11423 1.448 x 105 J 
s: 1073 K 4 
as 8 - — 7.642 x 10? J 
so |w|21.448 x10 js m 


If this work is converted completely to potential energy, it could lift a 1000-kg object to a height / 
given by |w| = mgh, so 


|| 7.642 x10? J 
h- —————————————— - 7.79 x 10m 217.79 km 
mg (1000 kg)(9.81 m s?) 





3.45 The expressions that apply to the treatment of refrigerators also describe the behavior of heat 
pumps, where warmth is obtained from the back of a refrigerator while its front is being used to 
cool the outside world. Heat pumps are popular home heating devices because they are very 
efficient. Compare heating of a room at 295 K by each of two methods: (a) direct conversion of 
1.00 kJ of electrical energy in an electrical heater, and (b) use of 1.00 kJ of electrical energy to run 
a reversible heat pump with the outside at 260 K. Discuss the origin of the difference in the energy 
delivered to the interior of the house by the two methods. 

In case (a), the electric heater converts 1.00 kJ of electrical energy into heat, providing of 
energy as heat to the room. (The Second Law places no restriction on the complete conversion of 


work to heat—only on the reverse process.) In case (b), we want to find the heat deposited in the 
room |g;.: 


CA Te 
= | where —- = c¢ = 





[Impact 13.1] 


|w|Te _ 1.00kJ x 260 K 


IUE YE a. 
Tn — T, (295 — 260)K 


so lac — 


The heat transferred to the room is |g4] — |qcl 4- Iw| 2 7.4 KJ 4- 1.00 kJ — 8.4 kJ |. Most of the thermal 
energy the heat pump deposits into the room comes from outdoors. Difficult as it is to believe on a cold 
winter day. the intensity of thermal energy (that is, the absolute temperature) outdoors is a substantial 
fraction of that indoors. The work put into the heat pump is not simply converted to heat, but is ‘leveraged’ 
to transfer additional heat from outdoors. 


